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a b s t r a c t
In present study the biosorption characteristics of ﬂuoride anions from aqueous solution using white rot
fungus (Pleurotus eryngii) were investigated as a function of pH, initial ﬂuoride concentration, biosorbent
dose, temperature, and contact time. Langmuir, Freundlich and Dubinin–Radushkevich (D–R) models
were applied to describe the biosorption isotherm of ﬂuoride ions by P. eryngii biomass. Langmuir model
ﬁtted the equilibrium data better than the Freundlich isotherm. Themonolayer biosorption capacity of P.
eryngii biomass for ﬂuoride ions was found to be 66.6mgg−1. Thermodynamic parameters such as H◦,
S◦ and G◦ indicate that the removal of ﬂuoride ions by fungal biomass was endothermic and sponta-
neous in nature. Experimental datawere also analyzed in terms of kinetic characteristics and itwas found
that biosorption process of ﬂuoride ion followed well pseudo-second order model, where intra-particle
diffusion was not the only rate-controlling step. The surface and sorption characteristics were analyzed
by scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), and Fourier transform
infrared (FTIR) spectrometry. In order to check the practical utility of the studied biosorbent, batch stud-
ies were carried out with ﬂuoride contaminated water samples collected from a ﬂuoride-endemic area.
Eventually, this fungal biomass recommended to be used as a suitable, environment friendly and low
cost biosorbent for removal of ﬂuoride ion concentration to standard permissible limit.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Fluoride contamination in groundwater has been recognized as
one of the serious problems worldwide (Amini et al., 2008). The
natural or anthropogenic sources are the major cause of excess
ﬂuoride levels in drinking water. The permissible limit of ﬂuoride
in drinking water is 1.5mgL−1 as per World Health Organization
(WHO) guidelines (WHO, 2011). According to the WHO more than
260 million people are consuming drinking water worldwide with
ﬂuoride contents higher than permissible limit. The consumption
of drinking water with ﬂuoride concentration above this limit may
increase the prevalence of dental and skeletal ﬂuorosis in children
and adults. Recent surveys carried out to investigate the quality of
groundwater in Pakistan, indicated that some areas in the dry zone
have the ﬂuoride problem in endemics proportions. Predominantly
the locality of district Tharparkar, Sindh (Mithi, Diplo, Chachro,
and Nagarparkar) is severely affected by ﬂuoride contamination.
∗ Corresponding author. Tel.: +92 222 772065; fax: +92 22 9213431.
URL: http://www.ceacsu.edu.pk (F.N. Talpur).
People in these areas depend heavily on undergroundwater due to
unavailability of otherwater resources. Several reports have shown
high ﬂuoride contamination in the water of aforementioned areas
of Pakistan and proven to be the major source of ﬂuorosis (Raﬁque
et al., 2008, 2009).
Various methods for deﬂuoridation have been reported in lit-
erature such as adsorption (Raichur and Basu, 2001), chemical
treatment (Reardon and Wang, 2000), ion exchange (Singh et al.,
1999), membrane separation (Amer et al., 2001), and electrolytic
deﬂuoridation (Mameri et al., 2001), etc. Among these processes,
adsorption has been reported to be an effective and economical
method for removal of ﬂuoride ions (Mohan et al., 2002). Recently,
more focus has been given by the scientists in using various nat-
urally occurring biosorbents in adsorption process. Biosorption
utilizes the ability of biological materials to accumulate metal ions
from water by either metabolically mediated or physico-chemical
pathways of uptake. Biosorption offers advantages of low cost,
minimization of the quantity of chemical or biological sludge to be
disposed, high efﬁcacy in dilute efﬂuents, environmental friendly
properties, regeneration of biosorbent, and possibility of metal
recovery (Ahalya et al., 2003).
http://dx.doi.org/10.1016/j.enmm.2014.11.003
2215-1532/© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Application of biosorbents from microbial sources such as,
Spirogyra sp.-IO2 (Mohan et al., 2007), Pleurotus ostreatus
(Ramanaiah et al., 2007), Aspergillus penicilloides, Mucor racemosus
(Prajapat et al., 2010), and Anabaena fertilissima (Bhatnagar et al.,
2002) for ﬂuoride removal have been reported. In current study,
the biosorption capacity of white – rot fungus (Pleurotus eryngii) is
evaluatedﬁrst time in literature for removalofﬂuoride fromground
water samples. Following the experimental optimizations, the bio-
sorbent was applied successfully for deﬂuoridation of real water
samples from endemic areas of Tharparkar district, Sindh, Pakistan.
Afterword it has been revealed from the obtained results that P.
eryngii is a better choice and suitable biosorbent for removal of
ﬂuoride from aqueous systems then the earlier reported materials.
2. Materials and methods
2.1. Chemicals
Analytical grade anhydrous sodium ﬂuoride salt (purity 99%)
was procured from Sigma Aldrich (Madrid, Spain). All other
reagents were of high purity available.
2.2. Fluoride stock solution
Stock solution of ﬂuoride (1000mgL−1) was prepared by dis-
solving 2.21g of sodium ﬂuoride in 1000ml of deionized water.
The stock solution was then appropriately diluted to get the test
solution of desired ﬂuoride concentration.
2.3. Preparation of the biosorbent
Strain of P. eryngii ATCC® 90888TM was obtained from Edi-
ble Fungi Institute, Shanghai Academy of Agricultural Sciences,
Shanghai, China. Fungal culturewas routinelymaintainedonpotato
dextrose agar (PDA) slants. To produce the mycelial biomass for
biosorption experiments, the seed cultures were prepared by loop
inoculation and incubating the fungus in glucose peptonemedium.
The formulation of liquid medium prepared in laboratory com-
posed of g L−1; Glucose (50), Peptone (5), KH2PO4 (5) and NaCl
(5), adjusted to pH 6.0±0.2 and incubated for 28 days at 27±2 ◦C.
The resultant fungal biomass was washed with deionized water
and dried at 60 ◦C for 24h. Dried biomass was crushed to a particle
size of 0.18mm and stored in screw capped falcon tubes for subse-
quent use in the ﬂuoride biosorption experiment. No impregnation
or activation process was done before using fungal biosorbent. The
fungal biomass was subjected to elemental analysis which reveals
that fungal biomass is composed of C 45.42%, H 6.58%, N 3.88%, O
44.01% and S 0.11%.
2.4. Point of zero charge (pHPZC)
The point of zero charge is the pH value at which the num-
ber of cations and anions present on the surface are equal, so that
the surface has no electrical charge. pHPZC of the biosorbent was
determined by the solid addition method (Mahmood et al., 2011).
Brieﬂy 50ml of 0.1MKNO3 solutionwas transferred into a series of
100ml conical ﬂask. The initial pH (pHi) values of the solutionwere
adjusted from 2.0 to 12.0 by adding either 0.1N HCl or NaOH. Then
0.1 g of P. eryngii biomass was added to each ﬂask and shaken for
48h at ambient temperature. After 48h the ﬁnal pH values of the
supernatant liquid was noted. The difference between the initial
and ﬁnal pH (pHf) values (pH=pHi −pHf) was plotted against the
pHi. The point of intersection of the resulting curve with abscissa
at which pH=0 gave the pHPZC.
2.5. Instrumentation
Innova 4230 Incubator shaker (New Brunswick Scientiﬁc Co;
Huntingdon, UK) was used for the batch experiments. pH meter
(InoLab-WTW GmbH; Weilheim, Germany) with glass electrode
and internal reference electrode was used for pH measurements.
The Ion-Chromatograph ( Metrohm; Herisau, Switzerland)
instrument 861 Advance Compact with 833 IC liquid handling unit
equipped with self-regenerating suppressor consists of a double
gradient peristaltic pump along with conductivity detector was
used for ﬂuoride analysis. The anion column (4.0mm×250mm)
METROSEP A SUPP 4-250 with carbonate and bicarbonate buffer
mobile phase was used. Chemical andmorphological characteriza-
tion of P. eryngii before and after ﬂuoride sorption was studied by
SEMequippedwith EDX analyzer (JEOL; Tokyo, Japan). FTIR spectra
were recorded on a Nicolet 5700 FTIR spectrometer (Thermo Elec-
tron; USA) as KBr pellets and elemental analysis was performed
with elemental analyzer (Flash EA 1112; Rodano-Milan, Italy).
2.6. Batch biosorption experiment
In order to optimize the experimental conditions a series of
biosorption experiments were conducted in batches. The extent
of biosorption was studied by varying several parameters such
as pH (2–7), ﬂuoride ion concentrations (5–25mgL−1), biomass
dosages (0.1–0.5 g), temperature (288–303K) and contact time
(60–300min).
The biosorption capacity i.e. amount of ﬂuoride ion biosorbed
on P. eryngii was calculated by following equation:
Q = (Co − Ce)V
M
whereQ is theﬂuoride ionuptake (mgg−1),V is the solution volume
(L), Co and Ce are the initial and equilibrium ﬂuoride concentra-
tions in the solution (mgL−1) respectively, and M is the mass of
biosorbent (g).
Langmuir, Freundlich and D–R isotherms were also studied for
varying concentrations of ﬂuoride ions (5, 10, 15, 20, and25mgL−1)
at constant temperature (303K). Thermodynamic studieswere car-
ried out at four different temperatures: 288, 293, 298 and 303K
(agitation: 100 rpm; biosorbent dosage: 0.2 g; ﬂuoride ion concen-
tration: 5mgL−1; pH: 2.0; contact time: 240min). Sorption kinetics
were determined by analyzing uptake of the ﬂuoride from aque-
ous solution at different time intervals i.e. 60, 90, 120, 150, 180,
210, 240, 270, and 300min (agitation: 100 rpm; biosorbent dosage:
0.2 g; ﬂuoride ion concentration: 5mgL−1; pH 2.0).
For desorption studies, 0.1M of different desorbing agents (i.e.
HCl, NaOH, HNO3, H2SO4 and EDTA) were checked with 0.2 g ﬂuo-
ride loaded biosorbent at 30 ◦C. Reusability of the biosorbent was
conducted by introducing biosorbent again in the fresh ﬂuoride
solution. This procedure was repeated for consecutive adsorption
desorption cycles. The desorption ratio was calculated from the
amount of ﬂuoride ion initially loaded on the biosorbent and the
ﬁnal ﬂuoride ion concentration in the desorption medium.
3. Results and discussion
3.1. Characterization of the biosorbent
3.1.1. SEM and EDX studies
SEM images of untreated sample of P. eryngii exhibit non-
adhesive and matt appearance (Fig. 1a) without well-deﬁned
porous structure (only few pores on the surface). After biosorp-
tion, surface of P. eryngii become adhesive in appearance as evident
from Fig. 1b. Elemental composition of pure and ﬂuoride-loaded
biomass analyzed by SEM/EDX is shown in Fig. 1c and d. Theweight
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Fig. 1. SEM/EDX images of P. eryngii biomass: (a) and (c) are unloaded; while (b) and (d) are ﬂuoride-loaded pattern of fungal biosorbent.
percent of ﬂuoride-loaded fungal biomass gives ﬂuoride peak
(0.32% in weight) apart from C (34.85%) and O (22.18%) peaks.
The presence of prominent ﬂuoride peak indicates that ﬂuoride is
superﬁcially biosorbed on the surface of P. eryngii.
3.1.2. FT-IR studies
In order to determine the characteristic functional groups
responsible for biosorption of ﬂuoride ions by P. eryngii, FTIR spec-
troscopy was utilized as a powerful tool. Biosorption of ﬂuoride
has resulted in several changes such as the disappearance of some
bands, shifts and decrease in the percentage of transmittance in the
IR spectra of the solid surface in the range 4000–500 cm−1. Inter-
pretations of the spectra were based on the information acquired
from literature (Simonescu and Ferdes, 2012).
The FTIR spectra of the biosorbent before and after ﬂuoride sorp-
tion are shown in Fig. 2. Very strong broad band at the region of
3500–3200 cm−1 is theoverlappingpeakof NH2 and OHstretch-
ing vibrations (Viswanathan et al., 2009). The peak around 2923.0
and 2852.3 cm−1 is due to the presence of aliphatic ( CH2) groups
in the biomass. The strong bands at 1724.6 and 1654.1 cm−1 may be
due to involvement of double bond structures such as C C or C O
groups. The peaks at 1558.0 and 1457.1 cm−1 attributed to N H
bending in the amine group. The band observed at 1043.8 cm−1
was assigned to the C O stretching of alcohols and carboxylic acids.
Thus, P. eryngii contains hydroxyl, carboxyl, and amine groups on
its surface as important sorption sites.
The peaks for NH2 were shifted from 1558.0 and 1457.1 to
1539.4 and 1456.1 cm−1 in ﬂuoride loaded biomass. This decrease
in the wave number of the peaks may indicate the interaction of
NH2 group of biomass with ﬂuoride ions. The hydrogen bond-
ing in amines is weaker than that of hydroxyl groups, so NH2
stretching bands are not as broad or intense as OH stretch-
ing bands (Smith, 1998). A slight broadening of NH2 stretching
band in the ﬂuoride sorbed P. eryngii (Fig. 2a) may be taken as
an indicative of hydrogen bonding between the protonated amine
( NH3+) and ﬂuoride (Smith, 1998). Similar results were reported
by other authors while studying ﬂuoride sorption on chelating ion
exchange resins (Viswanathan et al., 2009). After sorption of ﬂuo-
ride, the carboxyl peak that observed in unloaded fungal biomass
at 1724.6 cm−1 becomes very sharp and shifts to higherwave num-
ber 1747.1 cm−1. This could be due to the interaction of hydrogen
atoms in the carboxylic group and ﬂuoride ions. Consequently, new
bands appear at 1078.0, and 999.7 cm−1 after ﬂuoride biosorption
(Fig. 2b), may indicate the presence of C F stretching modes.
3.2. Inﬂuence of pH
The solution pH is one of the main factors which affect
the biosorption capacity. The fungal cell wall contains a high
amount of polysaccharides and some of them are associated with
proteins andother components (Ramanaiah et al., 2007). These bio-
macromolecules on the fungal cell surfaces have several functional
groups (such as amino, carboxyl, thiol, and phosphate groups) and
biosorption phenomena depend on the protonation or deprotona-
tionof these functional groups on the surface of the cellwall (Ilhami
et al., 2005). The ionic form of ﬂuoride in solution and the electrical
charge of the fungal cell wall components (i.e. functional groups
carrying polysaccharides and proteins) depend on the solution pH
(Ramanaiah et al., 2007). To study the effect of pH on ﬂuoride sorp-
tion (5mgL−1) by P. eryngii, studies were performed at various
solution pH (i.e. 2–7) as shown in Fig. 3a. The pHpzc of P. eryngii
was found to be 5.75 which suggests that deﬂuoridation capacity
of the fungal biosorbent is appreciable in acidic range (pH<pHpzc).
At pH 2, the maximum percentage (81.2%) of ﬂuoride removal was
achieved. While increase in pH decreases the sorption capacity of
ﬂuoride. The same trend has been reported inMoringa indica based
activated carbon (Karthikeyan and llango, 2007).
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Fig. 2. FTIR spectra of P. eryngii (a) before and (b) after ﬂuoride sorption.
At acidic pH due to the protonated effect of surface functional-
ities including amino, carboxyl, thiol, etc, positive charges impart
on the surface (Ilhami et al., 2005; Karthikeyan and llango, 2007;
Alagumuthu and Rajan, 2010) and hence increase the biosorption
of negatively charged ﬂuoride ions at lower pH.
3.3. Inﬂuence of initial ﬂuoride concentration
The effect of initial ﬂuoride concentration was studied by vary-
ing ﬂuoride concentration from 5 to 25mgL−1 at pH 2. Maximum
biosorption (92%) was achieved at 5mgL−1, which shows that all
Fig. 3. (a) Percentage removal of ﬂuoride concentration as a function of pH (biosorbent dose: 0.1 g; initial concentration: 5.0mgL−1; temperature: 30 ◦C; contact time:
240min; agitation: 100 rpm). (b) Effect of concentration of ﬂuoride on their percent removal over P. eryngii (pH: 2.0; biosorbent dose: 0.1 g; temperature: 30 ◦C; contact
time: 240min; agitation: 100 rpm). (c) Percentage removal of ﬂuoride concentration as a function of biosorbent dose (pH: 2.0; initial concentration: 5.0mgL−1; temperature:
30 ◦C; contact time: 240min; agitation: 100 rpm). (d) Percentage removal of ﬂuoride concentration as a function of contact time (pH: 2.0; biosorbent dose: 0.2 g; initial
concentration: 5.0mgL−1; temperature: 30 ◦C; agitation: 100 rpm).
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ﬂuoride ions present in the solution would interact with bind-
ing sites (Fig. 3b). At higher concentration, more ﬂuoride ions are
left unabsorbed in the solution due to the saturation of binding
sites (Chakrabarty and Sarma, 2012). Similar types of results are
reported for ﬂuoride removal by many authors (Viswanathan and
Meenakshi, 2008).
3.4. Inﬂuence of biosorbent dose
Biosorbent dose is an important parameter owing to its effect
on efﬁciency and on the amount of ﬂuoride removed per unit
weight of biomass. Biosorbent dosages was varied from 0.1 to 0.5 g
under optimum conditions (pH: 2.0; concentration: 5mgL−1; tem-
perature: 30 ◦C; time: 240min.; agitation: 100 rpm). At 0.2 g of
biosorbent maximum ﬂuoride removal (97.03%) was obtained and
remains constantwith the increase indosageof biosorbent (Fig. 3c).
Therefore 0.2 g of the biomass was taken as the optimized dose for
ﬂuoride removal and used for further experiments. The increase
in ﬂuoride removal with increase in biosorbent dose is due to the
greater availability of exchangeable sites or surface area of the bio-
sorbent. By further increment in sorbent dose, the removal capacity
was not increasedpossibly due to the aggregation of available bind-
ing sites.
3.5. Biosorption isotherm models
The biosorption isotherm expresses the speciﬁc relation
between the concentration of ﬂuoride and its degree to accumu-
lateonbiosorbent surfaceat constant temperature. Theequilibrium
data were analyzed by the linear regression of isotherm mod-
els, viz., Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
isotherm.
3.5.1. Langmuir biosorption isotherm
The Langmuir isotherm theory assumes monolayer coverage of
sorbate (ﬂuoride) over a homogeneous biosorbent surface. The lin-
earized form of Langmuir isotherm model:
Ce
Cads
= 1
Qb
+ Ce
Q
where Cads is the amount of ﬂuoride ion biosorbed per unit mass of
biosorbent (mgg−1), Ce is the amount of ﬂuoride ion in liquid phase
at equilibrium (mgL−1), Q is the monolayer biosorption capacity
(mgg−1) and b is the Langmuir biosorption constant related to
the free energy of biosorption (Lmg−1). The related parameters
obtained by calculation are shown in Table 1.
Langmuir biosorption isotherm equation could be expressed in
terms of a dimensionless constant called a separation factor or
equilibrium factor ‘RL’, which is deﬁned by the following equation:
RL =
1
(1 + bCo)
where RL is the dimensionless constant separation factor, b is the
Langmuir’s constant (Lmg−1), and Co is the initial concentration of
ﬂuoride ion (mgg−1). All the values of RL were between 0 and 1
suggesting biosorption is favorable at the conditions being applied
(Meenakshi and Viswanathan, 2007).
The Langmuir biosorption capacities obtained in the present
study were compared with those reported earlier (Table 2). The
value of ﬂuoride uptake by P. eryngii fungal biomass found in this
work is signiﬁcantly higher than that of other biosorbents. There-
fore, the present study shows that P. eryngii is an effective low-cost
biosorbent for the removal of ﬂuoride from aqueous solutions.
3.5.2. Freundlich biosorption isotherm
This is an empirical equation that describes biosorption in
heterogeneous systems and exponential distribution of sites and
energy. The linearized Freundlich biosorption isotherm is given in
the following equation:
logCads = logKf +
1
n
logCe
where Cads is the amount of ﬂuoride biosorbed per unit weight of
thebiosorbent (mgg−1),Ce is the equilibriumconcentrationof ﬂuo-
ride in solution (mgL−1),Kf is ameasure of biosorption capacity and
n is the biosorption intensity related to the distribution of bonded
ions on the sorbent surface. The value of n is found to be greater
than unity for biomass, indicating that biosorption of ﬂuoride is
favorable (Sag and Kutsal, 1995).
3.5.3. Dubinin–Radushkevich (D–R) biosorption isotherm
In order to evaluate the adsorption type, equilibrium data were
applied to D–R isotherm with following equation:
lnCads = lnXm − ˇε2
where Cads is the amount of ﬂuoride biosorbed in mol g−1, Xm is
the D–R monolayer biosorption capacity (mol g−1), ˇ is a constant
related to free energy (mol2 kJ−2) and ε is Polanyi potential which
is related as:
ε = RT ln
(
1 + 1
Ce
)
where T is temperature (K), R the gas constant (8.314 Jmol−1 K−1)
and Ce is the equilibrium concentration of ﬂuoride (mol L−1). The
biosorption energy E (kJmol−1) can be obtained by equation:
E = 1√
−2ˇ
The calculated parameters of D–R model are presented in
Table1. ThevalueofEwasgreater than8kJmol−1, indicates that the
interaction of fungal biomass with ﬂuoride ions is chemisorption
in nature.
From Table 1, it was established that experimental data ﬁt
the selected adsorption isotherms in the following order: Lang-
muir > Freundlich >D–R. Higher values of correlation coefﬁcient
(R2) indicate that the Langmuir model is more suitable for describ-
ing the sorption equilibrium of ﬂuoride on P. eryngii.
3.6. Thermodynamic studies
The uptake of ﬂuoride is highly dependent on temperature.
The percentage biosorption of ﬂuoride increased from 78.38 to
97.0% when the temperature changes in the range of 288–303K
(15–30 ◦C). This is due to the fact that biosorption get accelerated
at higher temperature, which in turn indicate endothermic nature
of reaction.
The respective change in standard Gibb’s free energy (G◦),
enthalpy (H◦) and entropy (S◦) was evaluated from the ther-
modynamic study as follows:
G◦ = −RT lnKc
lnKc = −H
◦
RT
+ S
◦
R
where G◦ is the standard free energy change (kJmol−1), R is the
universal gas constant (0.008314kJmol−1 K−1), and T is the abso-
lute temperature (K), Kc is an equilibrium constant, H◦ is change
in standard enthalpy (kJmol−1), and S◦ is change in standard
entropy (kJmol−1 K−1). The values of H◦ and S◦ were computed
from the slope and intercept of lnKc versus 1/T (K−1) by Van’t Hoff
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Table 1
Fluoride biosorption: Langmuir, Freundlich and D–R isotherm constants (initial ﬂuoride concentration range=5–25mgL−1).
Langmuir Freundlich D–R
Q (mgg−1) b (Lmg−1) RL R2 Kf (mgg−1) n R2 Xm (mol g−1) E (kJmol−1) R2
66.6 1.5 0.025–0.117 0.998 36.72 2.33 0.976 0.0037 2.056 0.911
Table 2
Comparison of biosorption capacity of P. eryngii fungal biomass for ﬂuoride ion with other reported biosorbents.
Biosorbent Biosorption capacity (mgg−1) References
Used tea leaves 0.51 Methodis and Selvapathy (2005)
Spirodela polyrrhiza 0.91 Shirke and Chandra (1991)
Rice husk 0.820 VivekVardhan and Karthikeyan (2011)
Pleurotus ostreatus – 1804 1.272 Ramanaiah et al. (2007)
Spirogyra IO1 1.272 Mohan et al. (2007)
Moringa indica based activated carbon 0.23 Karthikeyan and llango (2007)
Ca-treated Chlorococcum humicola 4.5 Bhatnagar et al. (2002)
Pleurotus eryngii ATCC 90888 66.6 Present study
Fig. 4. Van’t Hoff plot, logKc versus 1/T.
plot as shown in Fig. 4. The negative values of G◦ (Table 3) indi-
cate the spontaneity of the biosorption reaction, emphasizing that
biosorption is more favorable at higher temperature.
Similarly, the values of enthalpy of a biosorption process can
be used to distinguish between chemical and physical biosorp-
tion. For chemical biosorption, enthalpy value ranges from 83 to
830kJmol−1 (Gopal and Elango, 2007). Thus, the value of H◦
obtained in present study conﬁrms that biosorption is endother-
mic in nature and exhibits chemical mechanism. The positive
value of S◦ indicates strong afﬁnity of biosorbent toward ﬂuo-
ridemolecule and shows increasing randomness at the solid/liquid
interface during biosorption (Eren, 2008).
3.7. Kinetic study
Fig. 3d illustrates the removal of ﬂuoride by fungal biomass as a
functionof contact time (60–300min)at30 ◦C.Theﬂuoride removal
efﬁciency was increased linearly up to 240min and thereafter it
remains constant indicating the attainment of biosorption equilib-
rium. Therefore 240minwas ﬁxed as optimum contact time for the
deﬂuoridation with maximum ﬂuoride removal of 97.7%.
Kinetics of ﬂuoride ion biosorption governs the rate which
determines the residence time and efﬁciency of a biosorbent. In
Table 3
Themodynamic parameters for ﬂuoride biosorption on P. eryngii at various
temperatures.
T (K) G◦ (kJmol−1) H◦ (kJmol−1) S◦ (kJmol−1 K−1)
288 −3.083
+107.10 0.379
293 −3.414
298 −5.084
303 −8.752
order to investigate themechanism of biosorption process, the two
main types of biosorption kinetic models, namely reaction based
(pseudo-ﬁrst and pseudo-second ordermodel) and diffusion based
(intra particle diffusion)modelswere adopted to ﬁt the experimen-
tal data.
3.7.1. Reaction based models
The pseudo-ﬁrst order rate equation is given as:
ln(qe − qt) = lnqe − k1t2.303
where qt and qe are the amount of ﬂuoride (mgg−1) biosorbed at
time ‘t’ and equilibrium respectively, k1 is the rate constant of the
pseudo-ﬁrst order biosorption process (min−1). Straight line plots
of ln (qe −qt) against t were used to determine the rate constant
k1, and adsorption capacity. From results it was concluded that
biosorption of ﬂuoride on fungal biomass did not follow pseudo-
ﬁrst order kinetics.
The pseudo-second order equation is expressed as:
t
qt
= 1
k2q2e
+ t
qe
h = kq2e
where h (mgg−1 min−1) is the initial biosorption rate at time ‘t’
and k2 is the rate constant of pseudo-second order biosorption
(gmg−1 min−1).
From Table 4, it was found that there is an agreement between
experimental and calculated qe values for the pseudo second-order
model. Hence, the pseudo second-order model better represents
the sorption kinetics.
3.7.2. Diffusion based models
In a solid–liquid biosorption process, the transfer of solute was
characterized by particle diffusion control. The possible contribu-
tion of intra particle diffusion on ﬂuoride biosorption is described
by Weber–Morris model as:
qt = kid
√
t + C
wherekid is the intraparticlediffusion rate constant (mgg−1 min1/2)
and C is constant related to thickness of boundary layer. The val-
ues of kid and C obtained from slope of qt versus t1/2 (Fig. 5)
are 0.002mgg−1 min−0.5 and 0.209 respectively. In addition, the
straight line did not pass through its origin which shows that
besides intra particle diffusion othermechanisms are also involved
in rate determining step.
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Table 4
Kinetic parameters for ﬂuoride biosorption on P. eryngii. (experimentally obtained qe,exp. value is 0.244mgg−1 for 5mgL−1 initial ﬂuoride concentration).
Pseudo-ﬁrst order model Pseudo-second order model
k1 (min−1) qe,cal. (mgg−1) R2 k2 (gmg−1 min−1) q,cal. (mg g−1) h (mgg−1 min−1) R2
0.051 0.132 0.843 0.438 0.252 0.028 0.999
Fig. 5. Morris–Weber/Intra-particle diffusion plot for ﬂuoride ion biosorption onto
P. eryngii biomass at 30 ◦C.
3.8. Effect of co-existing anions on ﬂuoride biosorption
Interference experiments were performed to ﬁnd out the inter-
ference of other species with the binding of target ion on the
biomass. The ﬂuoride-contaminated water may contain several
other anions which can compete with the sorption of ﬂuoride. The
interference studies were carried out in the presence of various co-
ions viz., Cl−, Br−, NO3−, SO42−, PO43−, and CO32− in 1–10 folds
(binary mixture: ﬂuoride ion 2mg L−1 with co-ions 2, 4, 10 and
20mgL−1). Results are presented in Fig. 6, which shows tolerable
effect with 1:1 fold of co-ions, whereas increasing concentration
retarded theﬂuoride removal capacity indifferent extent. Theorder
of interference in the presence of anions for ﬂuoride removal is:
CO32− >NO3− >Cl− >SO42− >PO43− >Br−.
The ﬂuoride sorption amount decreased quickly from 100 to
69.45% in the presence of 10 fold carbonate. The higher concen-
tration of carbonatemay decrease ﬂuoride removal due to the high
columbic repulsive forces, which reduce the probability of ﬂuoride
interactions with the active sites. In general, the presence of com-
petitive anions may decrease the attraction between ﬂuoride and
biomass surface, because like charges repel each other and they
cause to increase columbic repulsive forces. The results are in good
agreement with Kumar et al. (2009).
A slight interference was obtained in the presence of nitrate,
chloride, sulfate and phosphate; however bromide had virtually
Fig. 6. Effect of co-existing anions on ﬂuoride removal (pH: 2.0; biosorbent dose:
0.2 g; initial ﬂuoride concentration: 2.0mgL−1; contact time: 240min; and temper-
ature: 30 ◦C).
Table 5
The physico-chemical parameters of real water samples.
S. no. Water quality parameters S-1 S-2 S-3
1. Fluoride (mgL−1) 2.4 0.69 3.37
2. pH 7.9 7.2 8.1
3. TDS (mgL−1) 1855 550 1214
4. EC (S cm−1) 3850 1144 2520
5. Hardness (mgL−1) 2.26 1.76 3.38
6. Chloride (mgL−1) 1000 187.5 675
7. Sulphate (mgL−1) 707.7 411.5 625.4
8. Bicarbonate (mgL−1) 462 203 435
no impact on ﬂuoride sorption. The observed increase in sorption
could be due to the increase in ionic strength of the solution or a
weakening of lateral repulsion between adsorbed ﬂuoride ions.
3.9. Desorption and regeneration of biosorbent
Water puriﬁcation by biosorption technology is economical
with the regeneration of biosorbent. Moreover, reuse of biosorbent
helps in reducing environmental impacts related with biosorbent
disposal.
It is found that alkaline solution desorption capacity was higher
compared to acidic ones. For P. eryngii the order of desorption was
NaOH>HCl >H2SO4 >HNO3 >EDTA. Out of the six eluents, NaOH
identiﬁed as the best eluent as it desorbed 97.6% ﬂuoride ions
(Fig. 7a).
Fig. 7. (a) Desorption of ﬂuoride by different desorbing agents (initial ﬂuoride con-
centration 2.0mgL−1; biosorbent dose: 0.2 g; contact time 30min; and temperature
30 ◦C). (b) Desorption efﬁciency of P. eryngii with cycle number.
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Table 6
Field trial results of biosorption studies using real ﬁeld water.
Sample I.D Sampling sitea F− initial concentration (mgL−1) F− ﬁnal concentration (mgL−1) Removal efﬁciency (%)
S-1 Mithi 2.4 0.835 65.2
S-2 Diplo 0.69 0.227 67.01
S-3 Nagarparkar 3.37 1.205 64.24
a Tharparkar district, Pakistan.
The biomass was washed with deionized water, ﬁl-
tered and dried at 60 ◦C for next sorption experiment. This
sorption–desorption cyclic study was carried out for four consec-
utive cycles. In fourth cycle the ﬂuoride biosorption capacity was
decreased approx. 30% from97.6% (Fig. 7b). Decrease in biosorption
capacity is possibly due to the decomposition of surface active sites
as evident from previous studies (Khan et al., 2012). Furthermore,
resultant fungal biomass can easily be disposed off because it is
biodegradable in nature.
3.10. Application to real water samples
In order to gain the practical utility of the studied biosorb-
ent, batch studies were performed to evaluate their viability for
real ﬁeld application. Three water samples from ﬂuorosis affected
areas of Tharparkar district, Pakistan were collected; the physico-
chemical parameters are reported in Table 5. The sorption studies
performedatnatural pHvalues showsafter biosorption theﬂuoride
levels in the ground water samples were decreased well below the
permissible limits of WHO drinking water standards as depicted in
Table 6.
4. Conclusions
In this study, a novel biosorbent, P. eryngii has been prepared
and examined for its potential in removing ﬂuoride from drinking
water system. The biosorption of ﬂuoride on fungal biomass was
achieved at pH 2.0. Experimental equilibrium data best ﬁt to the
Langmuir isotherm in contrast with Freundlich and D–R isotherm
models, indicating monolayer biosorption on a homogenous sur-
face. Thermodynamic parameters reveal that sorption of ﬂuoride is
spontaneous and endothermic in nature. Modeling of biosorption
kinetics showed good agreement of experimental data with the
pseudo-second order kinetic model. The fungal biomass has also
shown encouraging results with ground water sample collected
from endemic areas of Tharparkar district, Pakistan. It was found
that P. eryngii could be a promising alternative biosorbent for deﬂu-
oridationofwater fromrealwater samples to levels belowtheWHO
recommended value.
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